Abstract Computer planning software and patient-specific instrumentation have been investigated in multiple subspecialties of orthopedics with mixed results. Shoulder arthroplasty has evolved over the last decade with improvements in implant design and surgical instrumentation. Despite these advances, glenoid positioning in shoulder arthroplasty continues to be a difficult problem. Recent advances in threedimensional imaging techniques and the use of computer planning software may potentially address some of the common difficulties encountered by surgeons. The addition of patient-specific instrumentation and guides provide an option for patients with significant glenoid deformity that may allow improved accuracy of glenoid component implantation compared to using standard instrumentation. Studies have reported improved positioning of the glenoid component in both anatomic and reverse total shoulder arthroplasty with patientspecific instrumentation and guides. More research is needed to determine whether these improvements lead to better patient-reported outcomes or implant survival. In addition, further studies will be needed to address whether this technology is cost effective for large-scale implementation in the orthopedic community.
Introduction
Anatomic total shoulder arthroplasty is the treatment of choice for end-stage glenohumeral primary osteoarthritis and has excellent surgical outcomes and survivorship [1] . It provides anatomic resurfacing of the glenohumeral articulation in an unconstrained fashion allowing the rotator cuff and deltoid to restore function [2] . In the setting of glenohumeral arthritis and a dysfunctional rotator cuff, reverse total shoulder arthroplasty results in a predictable return of function and pain relief [3] . Early efforts at reverse total shoulder arthroplasty were failures due to poor implant design. Grammont's redesign in the 1980s with a medialized glenosphere center of rotation laid the groundwork for the current prosthesis designs that have become the mainstay of treatment for patients with glenohumeral arthritis and rotator cuff dysfunction [4] . Because of the reverse ball and socket design, the shear forces created by the deltoid seen in an unconstrained anatomic arthroplasty in the setting of rotator cuff deficiency become compressive forces allowing the deltoid musculature to restore glenohumeral function and arm elevation [4] .
The ideas of computerized planning software and patient-specific instrumentation are not new to orthopedics. The most commonly studied procedure is total knee arthroplasty. There have been conflicting reports of the efficacy of these innovations. Some studies have shown more anatomic implant positioning with both computerized planning/ assistance and patient-specific instruments but no significant improvement in patient-reported outcomes or implant survival [5, 6] . Similarly, computerized planning for orthopedic trauma surgery has not shown any distinct advantage over conventional methods but has a significant learning curve, increased operative time, and increased cost [7] . Since there have not been consistent improvements in patient-reported outcomes using patient-specific instruments compared to traditional This article is part of the Topical Collection on Shoulder Arthroplasty instruments, these technologies have not been heavily adopted in orthopedic practice. The role of computerized planning software and patient-specific instruments and guides in shoulder arthroplasty has been a topic of interest recently in the literature. We will review the most recent advances in with regards to computerized planning and patient-specific instrumentation in shoulder arthroplasty as well as future directions.
Standard preoperative planning for shoulder arthroplasty retroversion significantly decreased glenohumeral contact area and increased contact pressure compared to 0°of retroversion [10] . The authors hypothesized that glenoid component retroversion may result in eccentric loading and possibly lead to increased wear and loosening [10] . Finally, Ho et al. reviewed 66 total shoulder arthroplasties at a mean of 3.8 years postoperatively with radiographs [9•] . In their cohort, 33 % of glenoids were implanted in greater than 15°of retroversion and 45 % of those were found to have osteolysis around the center peg consistent with early loosening. Of the remaining 67 % of glenoids implanted with <15°of retroversion, only 23 % were found to have osteolysis around the center peg [9•] . The authors concluded that lucency around the center peg is correlated with component retroversion greater than 15°.
Methods currently available to restore retroversion to 10°t o 15°or less include asymmetric glenoid reaming, bone grafting, or augmented components. Asymmetric reaming can be performed to address version abnormalities if retroversion is not severe. The amount of correction that can be performed is debated, but several cadaveric and computer simulation studies suggest that about 15°of correction can be obtained prior to glenoid vault violation [11] [12] [13] . Even if correction can be obtained, clinical data suggests that excessive reaming may increase the risk for glenoid loosening if the subchondral bone of the glenoid has been violated [14•] . It is currently unclear how much bone removal is reasonable prior to compromising the long-term stability of the implant, although many would agree that correction of over 25°or 30°o f retroversion requires an alternate method, either bone grafting (with or without changing implant type to a reverse shoulder prosthesis) or an augmented glenoid component. Bone grafting in the setting of anatomic total shoulder arthroplasty can be considered for high degrees of retroversion (>25°or 30°) in young patients (<60 years old), although clinical data suggests a higher early complication rate with this technique [15] [16] [17] . Reverse total shoulder arthroplasty with or without grafting for the highly retroverted glenoid and an intact rotator cuff is a more predictable operation with a lower complication rate although should only be considered in an older patient population (>60 years) [18] . Augmented glenoid components offer a solution for the highly retroverted glenoid that might otherwise be treated with an anatomic arthroplasty and bone grafting. There is limited historical data suggesting poor results with an augmented implant [19, 20] . There is no current clinical data on the current generation of augmented implants. Numerous biomechanical and computer simulation studies have been performed supporting the potential use of augmented implants, although clinical data is lacking [21-24, 25•, 26] . Computer planning software and patient-specific instrumentation have the potential to dramatically improve the ability to accurately place a glenoid component (standard or augmented) with or without a graft in these severe cases.
Standard preoperative planning for shoulder arthroplasty starts with a radiographic evaluation of the patient's glenohumeral anatomy. Standard two-dimensional radiographic images include shoulder anteroposterior (AP) view, true AP or Grashey view, scapular Y view, and axillary lateral view. The axillary lateral view can give the surgeon an idea of the glenoid wear pattern and the native version of the glenoid. The true AP view can give the surgeon an idea of the glenoid inclination. If the physical examination does not provide definitive information on rotator cuff function, then a magnetic resonance imaging exam of the shoulder can provide information to decide between anatomic (intact and functioning rotator cuff) and reverse total shoulder arthroplasty (torn and/or dysfunction rotator cuff). If glenoid deformity is suspected on two-dimensional radiographs, then a three-dimensional computed tomography (CT) scan of the shoulder can be obtained to further delineate the patient's altered glenoid anatomy. CT scanning will also allow preoperative computer planning for glenoid implantation.
The surgeon then can use these imaging exams to understand and plan for treatment of the patient's deformity intraoperatively. In the situation of an intact rotator cuff and implantation of an anatomic total shoulder arthroplasty, glenoid component positioning is commonly determined by placing a guidewire by hand perpendicular to the plane of the scapula in the axial and sagittal plane and parallel to the plane of the scapula in the coronal plane. Guidelines for final retroversion for glenoid implantation are controversial. Most surgeons will attempt to reduce glenoid retroversion to 10°to 15°as clinical and biomechanical data support increased risk for glenoid component loosening if the glenoid is placed in higher degrees of retroversion [8, 9•, 10] . Farron et al. performed a study utilizing finite element modeling and determined that micro-motion at the bone-cement interface was strongly influenced by retroversion [8] . They determined that there was an exponential increase in maximal (+706 %) and mean (+669 %) micro-motion for internal and external rotation when the glenoid component was placed in greater than 10°o f retroversion [8] . Shapiro et al. performed a biomechanical study with a custom cadaveric shoulder testing system and determined that placement of a glenoid component in 15°of
If the rotator cuff is determined to be deficient with or without severe glenoid erosion, then the preoperative radiographs and CT scan can be used to plan proper placement of the glenosphere and baseplate. After glenoid exposure, the surgeon performs freehand or guided placement of the guidewire with approximately attempting to place the baseplate in neutral tilt. If there is severe central, posterior, superior, or anterior erosion, then bone grafting may be considered with placement of the reverse arthroplasty using humeral head autograft or allograft. It is unclear exactly how much baseplate contact is required with native bone to not require a bone graft although the authors would recommend bone grafting for any deficits larger than 25 %. Bone grafting in the setting of reverse total shoulder arthroplasty has lead to predictable results in multiple clinical series with low complication rates and high graft healing rates [27] [28] [29] [30] . Care must be taken in the setting of reverse total shoulder replacement to assure placement of the glenoid baseplate and screws in to good quality scapular bone for good time-zero fixation to allow bone ongrowth. Computer planning and patient-specific instrumentation can potentially improve the accuracy of baseplate positioning, bone graft sizing and positioning, central post/screw and peripheral screw positioning, and lengths.
Common failure mechanisms of and difficulties in shoulder arthroplasty
In all forms of shoulder arthroplasty, the glenoid component is a common reason for early aseptic failure; therefore, accurate glenoid component placement is critical for long-term implant survival. In anatomic total shoulder arthroplasty, the glenoid component accounts for 24 % of all complications [31] . In addition, a recent systematic review demonstrated that asymptomatic radiolucent lines appeared at a rate of 7.3 % per year after primary TSA [32] . Subsequent symptomatic glenoid component loosening and component revision occurred at 1.2 and 0.8 % per year, respectively [32] . Metal-backed glenoid components have higher complications compared to all polyethylene components, consequently cemented all-polyethelene components have become the implant of choice for most surgeons [31, 32] . Revision shoulder arthroplasty universally leads to poorer outcomes when compared to the outcomes after a primary anatomic total shoulder arthroplasty, emphasizing the importance of getting the glenoid component correct at the primary surgical procedure [31, 33] .
Similarly, correct glenosphere and baseplate placement and fixation in the scapula can be technically challenging in the setting of reverse total shoulder arthroplasty, especially in cases of severe bone erosion. Incorrect placement of the glenosphere can lead to early catastrophic baseplate failure, instability, and scapular notching which may be a cause secondary implant loosening and functional decline [34] . The incidence of these complications can be mitigated by placing the glenoid baseplate on the inferior aspect on the glenoid, centered in the anterior/posterior sagittal plane, as close to neutral tilt as possible with avoidance of superior tilt [35] . Glenosphere placement too superior or in excessive anteversion or retroversion can predispose the component to scapular notching or impingement. Impingement of the implant on the scapula not only leads to notching but can also lead to dislocation of the prosthesis. Intraoperative glenoid fracture due to attempted placement of the central drill hole in an incorrect/eccentric position can lead to a situation that is unsalvageable. This can force the surgeon to revert to the placement of a hemiarthroplasty and allow for healing of the glenoid fracture before attempted revision to reverse arthroplasty. In the setting of severe glenoid bone loss and loss of anatomic landmarks, identification of the residual glenoid for baseplate fixation can be extremely challenging. Baseplate malposition can occur very easily in these cases especially in cases that require large structural bone grafts to augment regions of eroded bone. Identification of an alternative centerline with the central post or screw directed towards the scapular spine is a method to improve baseplate fixation as well in cases of bone loss, but determination of this line intraoperatively can be challenging [36] . All of these potential complications encourage the surgeon to pursue all means necessary for safe and effective placement of the glenoid component in both standard and reverse total shoulder arthroplasty.
Computer planning for shoulder arthroplasty
Investigations into computer planning for shoulder arthroplasty are in the early stages. Due to the difficulties with correct placement and potential complications of improper glenoid placement detailed above, surgeons have begun investigating computer planning for implant placement, especially in the patient with preexisting glenoid deformity. On this topic, there is relatively more information on anatomic total shoulder arthroplasty when compared to reverse total shoulder arthroplasty.
Early studies in computerized planning for shoulder arthroplasty investigated whether three-dimensional imaging aided surgeons in correctly identifying glenoid deformity. Scalise et al. showed that three-dimensional reconstructions of shoulder CT scans improved inter-rater reliability of glenoid bone loss and improved surgeons' ability to identify the zone of glenoid bone loss, make surgical decisions regarding glenoid preparation and component placement, and assess glenoid component fit [37] . A further study identified three-dimensional imaging methods along with regression equations that predict pre-osteoarthritic glenoid morphology using patient-matched contralateral non-diseased scapulae [38] . In addition, it was determined that a patient's physiologic glenoid version could be accurately determined by three-dimensional imaging of their osteoarthritic shoulder [39] .
The concept of using three-dimensional imaging developed into planning software to simulate glenoid component implantation using three-dimensional computer software. Multiple groups have reported the ability to use computer planning software to simulate glenoid implantation [11, 40• In reverse total shoulder arthroplasty, similar preliminary findings have been reported. Stubing et al. reported in a cadaveric study that glenoid baseplate positioning in the axial plane was improved by the use of three-dimensional navigation, with a mean deviation of 1.6°in the navigated procedure and 11.5°using conventional methods [43] . However, they did not find a significant difference in the coronal plane. Similarly, Venne et al. showed that computer planning and navigation allowed improved accuracy and precision of screw placement and improved precision of baseplate placement in a cadaveric lab study of reverse shoulder arthroplasty [44] . Appropriate placement of the glenoid component on post-implant imaging is reported in most of these studies of both anatomic and reverse implants. However, there have been no reports of improved patient-reported outcomes or implant survivorship in patients who had planning software utilized compared to conventional planning. Further studies are needed to confirm improved patient-reported outcomes and implant survivorship with this new technology.
One of the main challenges currently with three-dimensional planning or templating for both anatomical and reverse total shoulder arthroplasty is understanding how conventional two-dimensional measurements correlate with threedimensional measurements (Fig. 1a, b) The typical twodimensional measurements for version and humeral head subluxation have utilized the scapular axis as a basis. Based upon these two-dimensional measures, we have some guidelines regarding which patients have a higher risk for implant failure including patients with greater than 80 % posterior humeral subluxation and neoglenoid retroversion greater than 27° [45] . Unfortunately, there is variation between two-dimensional and three-dimensional measures both in regards to overall values as well as variability for both subluxation and retroversion. Budge et al. compared two-dimensional and three-dimensional measurements of retroversion and determined that two-dimensional and three-dimensional methods showed a high degree of both intraobserver and interobserver reliability although axial twodimensional images were 5°to 15°different than the threedimensional measures in almost 50 % of the measurements [46] . The authors reported that two-dimensional measures underestimate retroversion compared to three-dimensional measures by about 2° [46] . Terrier et al. reported that two-dimensional measures of retroversion underestimate three-dimensional measures by about 3° [47] . Jacxsens et al. compared humeral subluxation on two-dimensional and three-dimensional imaging and determined that two-dimensional measurements underestimated posterior subluxation compared to three-dimensional measures by about 3 % [48] . Understanding these differences will be necessary when utilizing historical two-dimensional measurement data to guide planning using three-dimensional measurements.
Similarly, understanding glenoid inclination will be critical in planning baseplate inclination during reverse shoulder arthroplasty. Typical guidelines for baseplate inclination are neutral tilt. These estimates are based upon a how the implant is positioned on a standing true AP radiograph which takes into account both glenohumeral position and scapulothoracic position. During computerized planning, scapulothoracic position is not accounted for therefore a correction for this is required. It is currently unclear what is the correct amount of planned three-dimensional inclination to place a reverse shoulder arthroplasty to account for scapulothoracic positioning in order to achieve a neutral tilt on a standing true AP X-ray. Further research is required to determine appropriate guidelines for three-dimensional planning of inclination of the reverse baseplate. Understanding these differences between two-dimensional and three-dimensional position both in regards to version, subluxation, and inclination is critical to avoid malposition.
Patient-specific instrumentation in shoulder arthroplasty
The development of three-dimensional imaging techniques and computerized planning for shoulder arthroplasty helps surgeons with planning for surgery; however, the development of patient-specific instrumentation has been introduced to allow improved surgical implementation of the preoperative plan (Fig. 1c, d) The premise of patient-specific Fig. 1 a Baseline three-dimensional measurements of glenoid version and inclination utilizing computerized planning software (Blueprint, Tornier, Edina, MN). b Baseline humeral head subluxation as measured using three-dimensional planning software (Green represents humeral head volume posterior to central axis) (Blueprint, Tornier, Edina, MN). c Planned surgical case for implantation of a glenoid component (Blueprint, Tornier, Edina, MN). d Patient-specific guide created to be used to place a guide wire during glenoid preparation based upon a preoperative three-dimensional plan (Blueprint, Tornier, Edina, MN) instrumentation to guide surgeons in implanting the glenoid component is using three-dimensional reconstructions of CT scans to build custom-made jigs for guide pin placement determined by the patient's bony anatomy. Typical landmarks for guide placement include the peripheral glenoid rim or base of the coracoid.
Multiple groups have published on the use of patient-specific instrumentation for shoulder arthroplasty [42•, 49•, 50•, 51, 52] . Two independent groups demonstrated improved glenoid component positioning in cadaveric shoulder samples. Walch et al. showed excellent correlations between the guide pin position on preoperative planning and those placed in 18 cadaveric scapulae using patient-specific instrumentation [42•] . Throckmorton et al. randomized scapulae to either conventional or patient-specific instrumentation for implantation of an anatomic total shoulder arthroplasty [52] . These authors found that there were significantly more malpositioned components in the conventional instrument group when compared to the patient-specific instrumentation group [52] . Clinical data has also been reported on the benefits of patient-specific instrumentation during anatomic total shoulder arthroplasty [49•]. Hendel et al. completed a randomized controlled trial of conventional versus patient-specific instrumentation for glenoid placement during anatomic shoulder arthroplasty [49•] . They found that patient-specific instrumentation significantly reduced the average deviation of implant position in both inclination and medial-lateral offset [49•] . The greatest benefit was seen in patients with pre-surgical retroversion in excess of 16°where the average deviation in the conventional instrumentation group was 10°, while the average deviation was 1.2°in the patient-specific instrumentation group. Overall, the patient-specific instrumentation group had a lower incidence of malpositioned glenoid components and a significant improvement in the selection and use of the optimal implant for the specific glenoid anatomy [49•] .
In reverse total shoulder arthroplasty, the evidence for patientspecific instrumentation is limited to cadaveric anatomic studies. Levy et al. used patient-specific guides in 15 cadaveric shoulders for glenoid baseplate placement and found them to be very accurate at reproducing a three-dimensional preoperative plan [50•] . However, they did not compare this to standard instrumentation. Throckmorton et al. randomized cadaver shoulders to standard versus patient-specific guides and found no significant difference in guide pin position between the groups [52] . There have been no clinical studies on patient-specific guides in reverse total shoulder arthroplasty.
Currently, there are several companies that provide the means of preoperatively planning for a surgical case and then creating a guide to be utilized during surgery to direct implantation (Table 1) . Each system has slight differences in the planning tool as well as the shape of the guide created and landmarks used to reference the position of the guide at the time of surgery. Most systems require a CT scan of certain 3D preoperative plan is devised based upon CT scan by engineers, which is sent to the surgeon for revision/approval. A custom instrument tray based upon the 3D plan is then shipped to the surgeon based upon the approved plan. Can be used for guide pin placement in both anatomic or reverse total shoulder arthroplasty 3D three-dimensional, CT computed tomography, PSI patient-specific instrumentation specifications be performed and then three-dimensional reconstructions can be rendered for planning. Most systems allow direct surgeon planning in some form as opposed to having an engineer create the plan for the surgeon. Guides are then created based upon these plans and shipped for use during surgery with a typical delay of 3 to 4 weeks. Further data is required to determine if the improved accuracy of cases guided by patient-specific instrumentation will lead to improved clinical outcomes and implant survivorship since at this point it is only speculative.
Conclusions and future directions
Recent studies report improved anatomic placement of glenoid components in both cadaveric and clinical studies of total shoulder arthroplasty using computer planning and patient-specific instrumentation. Despite the theoretical benefits of improved accuracy of implant placement, clinical data supporting improved outcomes and implant longevity are lacking. While the lack of data is to be expected for such a new technology, it is unclear if the added cost will be clinically beneficial in the long term.
Further study is needed to confirm that the improved anatomic positioning of these implants leads to improved patient-reported outcomes and improved survivorship of these prostheses over the long term. Cost-benefit and effectiveness analyses will need to be performed to determine whether this technology should be widely adopted or whether it should be reserved for select patients with more severe deformity.
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